INTRODUCTION
============

Non-Hodgkin's lymphoma (NHL) is one of the most common types of hematologic malignancies in the United States ([@R1]). In 2018, 75,000 Americans were newly diagnosed with NHL, and an estimated 20,000 died from it ([@R1]). Anti-CD20 (α-CD20) monoclonal antibodies (Abs), such as rituximab, have revolutionized the treatment of NHL, but 35 to 40% of patients with NHL still relapse after rituximab-containing therapy, such as R-CHOP (rituximab, cyclophosphamide, doxorubicin, and prednisone) ([@R2], [@R3]). Some data indicate that low antigen density, antigen shedding, and/or internalization of CD20 antigens in malignant lymphoma cells could be responsible for resistance to rituximab ([@R4]--[@R6]). For this reason, Abs that target other common lymphoma markers \[e.g., CD19 ([@R7]), CD22 ([@R8]), and HLA-DR ([@R9])\] have been investigated. In addition, Ab-drug conjugates ([@R10]) have been developed as second-line treatments for relapsed NHL. Although promising, these functionalized Abs are limited by low drug loading ([@R11], [@R12]), and they are often affected by off-tumor side effects due to potent toxicity of the conjugated drugs ([@R13]). Novel treatment strategies are needed to improve the therapeutic window of the effector molecule. Recent advances in bioorthogonal click chemistry have facilitated the development of new pretargeted drug delivery systems ([@R14], [@R15]).

The B cell receptor (BCR) pathway plays a key role in the control of cellular proliferation, survival, differentiation, and migration of normal and malignant B cells ([@R16]--[@R18]). Thus, interfering with BCR signaling is a rational approach to the treatment of B cell malignancies ([@R16]--[@R18]). The phosphatidylinositol 3-kinase (PI3K)/mammalian target of the rapamycin (mTOR) signaling pathway is a key intercellular signal transduction cascade in the BCR pathway ([@R19], [@R20]). Overactivation of PI3K signaling has been identified in multiple malignancies, including NHL ([@R21], [@R22]). PI3K has four main isoforms, which include α, β, ɣ, and δ ([@R19], [@R20], [@R23]). The overexpression of PI3K-α links to the immune escape mechanism, while PI3K-δ is only expressed in hematopoietic cells and plays a key role in B cell proliferation and function ([@R23]). In vitro study ([@R24]) and clinical trial ([@R25]) have demonstrated that inhibition of PI3K can additively or synthetically inhibit the BCR pathway with α-CD20 Abs. BEZ235 is a dual pan-class I PI3K- and mTOR-targeted agent with inhibitory activities predominantly against the α, γ, and δ isoforms of PI3K and mTOR \[half-maximal inhibitory concentrations (IC~50~s) \< 10 nM\] ([@R26], [@R27]). BEZ235 showed promising in vitro antitumor activities ([@R26], [@R27]), but on the basis of its poor water solubility, BEZ235 must be administered orally in a polyethylene glycol (PEG)--based formulation in humans ([@R28], [@R29]). Furthermore, phase 1/2 clinical trials revealed that the orally administered BEZ235 has poor bioavailability, limited antitumor activities, and high gastrointestinal toxicity ([@R28], [@R29]). Thus, BEZ235 was withdrawn from further trials ([@R28], [@R29]), although several new formulations have recently been reported for topical delivery of BEZ235 ([@R30], [@R31]).

In this research article, we report a two-step dual Ab pretargeted nanoparticle (NP) system for the delivery of BEZ235 to tumor cells as an effective therapy against B cell lymphoma. The system is composed of dibenzocyclooctyne (DBCO)--functionalized α-CD20 \[α-CD20(D)\] and α-Lym1 \[α-Lym1(D)\] Abs as the tumor-targeting component and azide-functionalized BEZ235-load poly(ethylene glycerol)-block-poly(lactide-co-glycolide) (PEG-PLGA) NPs (BEZ235 NPs) as the therapeutic effector. Using four established lymphoma cells with different CD20 and HLA-DR antigen densities as examples (fig. S1), we demonstrate that the bioorthogonal pretargeted strategy effectively increases the amount of azide-functionalized therapeutic effector retained on the surface of lymphoma cells, hence enhancing the in vitro antitumor activities of BEZ235 NPs versus free BEZ235 ([Fig. 1A](#F1){ref-type="fig"}). Comprehensive in vivo antitumor efficacy and mechanistic studies using Namalwa and Raji tumor models confirm that the dual Ab pretargeted treatment strategy can effectively inhibit the tumor growth and prolong the survival of tumor-bearing mice through inhibition of the PI3K/mTOR pathway. Biodistribution studies confirm that more NPs are accumulated at the target tumor site via the dual Ab pretargeted strategy than the single Ab pretargeted strategy. We further demonstrate that the NP-based pretargeted strategy notably reduces the toxic effects on normal tissues associated with the systemic administration of BEZ235.

![Mechanism of action and characterization of active targeted and pretargeted BEZ235 NPs.\
(**A**) Active targeting and pretargeting mechanisms of different BEZ235 nanoformulations. i.v., intravenous. (**B**) TEM image of azide-functionalized BEZ235 NPs. The inserted cartoon illustrates the structure of BEZ235 NPs. Hydrophobic BEZ235 was encapsulated inside the hydrophobic PLGA core of the diblock copolymer NPs. (**C**) Number-average distribution curve of BEZ235 NPs as determined by NP tracking analysis (NTA) method. (**D**) In vitro drug release study of nonfunctionalized and Ab-conjugated BEZ235 NPs at physiological conditions \[0.1 M PBS (pH 7.4), 37°C\].](aaz9798-F1){#F1}

RESULTS
=======

Development of two-component bioorthogonal pretargeted system for the delivery of BEZ235 nanoformulation to CD20- and HLA-DR--expressing lymphoma cells
-------------------------------------------------------------------------------------------------------------------------------------------------------

A two-component pretargeted drug delivery system has been developed for the therapeutic delivery of a BEZ235 nanoformulation to CD20- and HLA-DR--overexpressing lymphoma cells. The tumor-targeting Abs \[α-CD20(D) and α-Lym1(D)\] were functionalized with an average of eight DBCO ligands (fig. S2). The therapeutic effector, 70-nm-diameter azide-functionalized BEZ235 NPs ([Fig. 1, B and C](#F1){ref-type="fig"}), was encapsulated with approximately 1.3% (w/w) of BEZ235 \[NPs (13 μg/mg)\]. The encapsulated BEZ235 demonstrated controlled release at physiological conditions ([Fig. 1D](#F1){ref-type="fig"}). Single and dual Ab--conjugated BEZ235 NPs that also undergo controlled release under physiological conditions were prepared ([Fig. 1C](#F1){ref-type="fig"}). Rhodamine-labeled NPs (Rhod NPs) and Cy5-labeled NPs (Cy5 NPs) were prepared for in vitro binding and in vivo biodistribution studies, respectively. Their physicochemical properties are summarized in figs. S3 and S4.

In vitro binding assay
----------------------

A fluorescence-activated cell sorting (FACS) cell binding assay was performed in all four lymphoma cell lines with different CD20 and HLA-DR antigen densities (fig. S1). This experiment verified that the pretargeted strategy is more effective than active targeting when NPs target tumor cells under excess conditions ([Fig. 2A](#F2){ref-type="fig"}). In the high CD20- and HLA-DR--expressing Raji and Daudi cells, the single Ab pretargeted method notably increased the amount of Rhod NPs retained on the surface of cancer cells compared with single Ab--conjugated NPs. Dual Ab pretargeted Rhod NPs using half amount of each Ab was as efficient as single Ab pretargeted Rhod NPs to label the Raji and Daudi cells. Conversely, the same concentration α-CD20/α-Lym1--conjugated Rhod NPs and α-CD20--conjugated Rhod NPs plus α-Lym1--conjugated Rhod NPs did not notably enhance the mean fluorescence intensities versus single Ab--labeled NPs. A similar enhancement effect was observed in the Namalwa and Ramos cells, but enhancement effects were diminished because of lower CD20 and HLA-DR densities in both cell lines. In addition, nonspecific binding was found in the negative control Jurkat cells after being incubated with the direct Ab-conjugated Rhod NPs, while the pretargeted formulations show no evidence of nonspecific binding to Jurkat cells. The binding of the Rhod NPs through the pretargeted strategy was further confirmed by fluorescence microscopy, with a ring-like pattern of staining observed ([Fig. 2B](#F2){ref-type="fig"}).

![Dual Ab pretargeted strategy increases the number of effector Rhod NPs retained on lymphoma cells.\
(**A**) Representative FACS histograms of Jurkat (CD20^−^ and HLA-DR^−^), Ramos, Namalwa, Daudi, and Raji cells after staining with Rhod NPs via active targeting and pretargeting methods. (**B**) Representative high-magnification fluorescence images of Raji cells after staining with different Rhod NPs via active targeting or pretargeting methods.](aaz9798-F2){#F2}

In vitro cytotoxicity assay
---------------------------

To verify that the pretargeted strategy can enhance the antitumor activities of BEZ235, we performed comprehensive in vitro cytotoxicity studies to assess the proliferation of lymphoma cells after treatment with free BEZ235 and the six different BEZ235 nanoformulations ([Fig. 3A](#F3){ref-type="fig"} and fig. S5). All four lymphoma cells were sensitive to free BEZ235 treatment, with IC~50~ values between 40 and 160 nM. α-CD20/α-Lym1 pretreatment did not significantly change the IC~50~ values of free BEZ235 in all four lymphoma cells. Nontargeted BEZ235 NPs and drug-free Ab-conjugated NPs showed insignificant in vitro toxicities. All three single/dual Ab--conjugated BEZ235 NPs exhibited moderate antitumor activities, but most of their IC~50~ values (for the encapsulated BEZ235) increased to above 10 μM. The pretargeted treatment method, especially treatment with the α-CD20(D)/α-Lym1(D) dual pretargeted BEZ235 NPs, significantly enhanced in vitro cytotoxicity of the BEZ235 nanoformulations (IC~50~ = 40 to 90 nM). Control studies confirmed that the pretargeted approach with the same doses of drug-free NPs had no significant toxicity. Further Western blot analyses of Namalwa and Raji cells ([Fig. 3B](#F3){ref-type="fig"} and figs. S6 and S7) confirmed that both pretargeted treatments were as efficient as free BEZ235 in inhibiting the phosphorylation of AKT (S473) and S6 (Ser^240/244^), the downstream targets of the PI3K and mTOR signaling cascades, in a time-dependent manner in vitro.

![In vitro toxicity of free BEZ235 and different BEZ235 nanoformulations.\
(**A**) The table summarizes IC~50~s of free BEZ235 and different BEZ235 nanoformulations in Ramos, Namalwa, Daudi, and Raji cell lines. BEZ235 nanoformulations, except nontargeted BEZ235 NPs, were delivered via active targeting and pretargeting methods \[N.B. BEZ235 (375 μg/ml) NPs contained 10 μM encapsulated BEZ235\]. Drug-free NPs showed insignificant toxicities in all four cell lines (fig. S5, iii and v). (**B**) Auto-Western blot analysis on p-AKT, AKT, p-S6, S6, and GAPDH protein expressions in Namalwa and Raji cells after being treated with 500 nM free BEZ235 or different BEZ235 nanoformulations for 3 or 24 hours.](aaz9798-F3){#F3}

In vivo NP uptake and biodistribution studies
---------------------------------------------

Time-dependent tumor uptake studies were evaluated using Raji xenograft tumor model to confirm that the NP-based pretargeted strategy can enhance the uptake of the Cy5 NPs ([Fig. 4A](#F4){ref-type="fig"} and fig. S8). The mean epifluorescence intensities (MEIs) of the xenograft tumors rapidly increased and reached a maximum at 30 min after injection of the nontargeted Cy5 NPs ([Fig. 4A](#F4){ref-type="fig"}). The MEIs dropped exponentially over time and returned to background levels 24 hours after administration ([Fig. 4A](#F4){ref-type="fig"}and fig. S8). Conversely, the MEIs of the xenograft tumors remained relatively constant in the first 8 hours after the administration of the directly Ab-conjugated Cy5 NPs ([Fig. 4A](#F4){ref-type="fig"}and fig. S8), although the MEI gradually declined over time thereafter. In contrast to the directly Ab-conjugated NPs, the MEIs of the pretargeted tumors reached a maximum 3 hours after injection and were maintained for another 5 hours ([Fig. 4A](#F4){ref-type="fig"} and fig. S8). The maximum MEIs of single Ab pretargeted tumors were twofold higher than that of directly Ab-conjugated Cy5 NPs (after subtracting the background MEI; [Fig. 4A](#F4){ref-type="fig"}). Furthermore, the maximum MEIs of dual Ab (i.e., α-CD20 and α-Lym1) pretargeted tumors were approximately 50% higher than that of single Ab (i.e., α-CD20 or α-Lym1) pretargeted tumors ([Fig. 4A](#F4){ref-type="fig"}).

![In vivo uptake and biodistribution of active targeted and pretargeted Cy5 NPs in Raji xenograft tumor model.\
(**A**) Time-dependent epifluorescence intensities of Raji xenograft tumor recorded after intravenous administration of different active targeted and pretargeted Cy5 NPs (*n* = 5). ROI, region of interest. (**B**) Biodistribution of different active targeted and pretargeted Cy5 NPs quantified 48 hours after intravenous administration (N.B., *n* = 5, \**P* \< 0.05). (**C**) Representative confocal laser scanning microscopy images of Raji xenograft tumor preserved 48 hours after intravenous administration of different Cy5 NPs.](aaz9798-F4){#F4}

Further ex vivo biodistribution study confirmed that the NP-based pretargeted strategy significantly increased the amount of Cy5 NPs retained in the Raji tumor ([Fig. 4B](#F4){ref-type="fig"} and fig. S9). Approximately 23% ID/g of the dual Ab pretargeted Cy5 NPs were retained in the tumor ([Fig. 4B](#F4){ref-type="fig"}) at 48 hours after the intravenous administration, which was about a 40 to 60% increase in tumor uptake compared to the single Ab pretargeted NPs. All three directly Ab-conjugated Cy5 NPs were also retained in the tumor (6 to 11% ID/g) at 48 hours after injection, but they were more than twofold less effective than the pretargeted NPs ([Fig. 4B](#F4){ref-type="fig"}), with most of the administered NPs accumulated in the liver (18 to 20% ID/g, which was roughly 40% of all administered NPs; [Fig. 4B](#F4){ref-type="fig"}). Small amounts of Cy5 NPs were also found in the kidney and spleen across different treatment groups. Histological analyses confirmed that a ring-like pattern of labeling can be observed in the preserved Raji tumor sections following the administration of pretargeted Cy5 NPs ([Fig. 4C](#F4){ref-type="fig"}) that attribute to the specific binding to the CD20 and HLA-DR antigens.

In vivo antitumor efficacy study
--------------------------------

In vivo antitumor efficacy evaluation was carried out by using Namalwa and Raji xenograft models to determine the antitumor activities of various BEZ235 formulations. In the Namalwa tumor model ([Fig. 5, A and B](#F5){ref-type="fig"}, and figs. 10 and 11), both free BEZ235 and nontargeted BEZ235 NPs exhibited moderate antitumor activities with tumor growth inhibition (TGI) of 29% (*P* = 0.0214 versus nontreatment group) and 46% (*P* = 0.0156 versus nontreatment group), respectively. Treatment with free α-CD20 or free α-Lym1 Abs did not show significant antitumor activities (*P* = 0.1563 and 0.5010 versus nontreatment group, respectively; fig. S11). Pretreatment with α-CD20 and/or α-Lym1 did not significantly affect the antitumor activities of free BEZ235 and BEZ235 NPs (fig. S11). Treatment with directly Ab-conjugated BEZ235 NPs slightly improved the antitumor activity versus the nontargeted BEZ235 NPs (*P* = 0.0313 and 0.0781 versus nontreatment group, respectively, for α-CD20 or α-Lym1; fig. S11). Treatment with α-CD20(D) or α-Lym1(D) single pretargeted BEZ235 NPs effectively inhibited tumor growth and resulted in TGIs of 65 and 74% (*P* = 0.0481 and 0.0313 versus treatment with BEZ235 NPs), respectively. The antitumor activity increased further in the α-CD20(D)/α-Lym1(D) dual pretargeted BEZ235 NPs and resulted in a TGI of 76% (*P* = 0.0313 versus treatment with nontargeted BEZ235 NPs). In addition, the NP-based pretargeted strategy, especially the dual Ab pretargeting strategy, significantly prolonged survival \[median survival (MS) = 43 to 48 days; [Fig. 5C](#F5){ref-type="fig"}\] compared with free BEZ235 (MS = 31 days; fig. S12) and nontargeted BEZ235 NPs (MS = 31 days; fig. S12).

![In vivo antitumor activities of free BEZ235 and different BEZ235 nanoformulations in Namalwa xenograft tumor model.\
(**A**) Treatment schedule. Abs (total, 100 μg per treatment) were intravenously (tail vein) administered at days 10, 13, and 17 after inoculation, and free BEZ235 and BEZ235 nanoformulations (51 μg of free BEZ235 or 5 mg of BEZ235 NPs per treatment) were intravenously administered on days 11, 14, and 18 after inoculation. s.c., subcutaneous. (**B**) Average tumor growth curves recorded for nontreatment group mice and mice that received different nontargeted or targeted treatments. TGI was calculated 10 days after final drug treatment. (**C**) Survival curves and MS were recorded for nontreatment group mice as well as mice that received different nontargeted or targeted treatments (*n* = 6 to 7 per group; n.s. denotes *P* \> 0.05 and \**P* \< 0.05).](aaz9798-F5){#F5}

In the more aggressive Raji tumor model, mice did not respond to most Ab, single/dual Ab--conjugated BEZ235 NPs, and small-molecule drug treatments ([Fig. 6, A to B](#F6){ref-type="fig"}, and figs. S13 to S15). Treatment with α-CD20(D) or α-Lym1(D) single pretargeted BEZ235 NPs significantly inhibited tumor growth and resulted in TGIs of 55 and 39% (*P* = 0.0156 and 0.0156 versus nontreatment group), respectively. Treatment with the α-CD20(D)/α-Lym1(D) dual pretargeted BEZ235 NPs further inhibited tumor growth and resulted in a TGI of 80% (*P* = 0.0025 versus nontreatment group; [Fig. 6B](#F6){ref-type="fig"}). In addition, dual pretargeted treatment with BEZ235 NPs significantly increased the MS to 52 days (versus 31 days recorded for the nontreatment group and nontargeted BEZ235 NPs treatment group; [Fig. 6C](#F6){ref-type="fig"}). Furthermore, negative control studies confirmed that single/dual Ab pretargeted drug-free NPs had insignificant anticancer activities compared with the nontreatment group and the single/dual Ab treatment groups (figs. S13B, S14B, and S15B). Further histopathological analyses confirmed that the Raji tumor treated with the dual pretargeted BEZ235 NPs had significantly less phosphorylated ribosomal S6 protein expression ([Fig. 6D](#F6){ref-type="fig"} and fig. S16). This finding confirms that the antitumor activity was due to the inhibition of the PI3K/mTOR pathway from BEZ235.

![In vivo antitumor activities of free BEZ235 and different BEZ235 nanoformulations in Raji xenograft tumor model.\
(**A**) Treatment schedule. Raji xenograft tumors were inoculated by subcutaneous injection of 1 × 10^6^ of Raji cells to the left flank. Abs (total, 100 μg per treatment) were intravenously administered at days 10, 13, and 17 after inoculation, and free BEZ235 and different BEZ235 nanoformulations (51 μg of free BEZ235 or 5 mg of BEZ235 NPs per treatment) were intravenously administered at days 11, 14, and 18 after inoculation. For the pathological study, Abs (total, 100 μg per treatment) were administered at day 10, and free BEZ235 and BEZ235 nanoformulations (51 μg of free BEZ235 or 5 mg of BEZ235 NPs per treatment) were administered at day 11. Xenograft tumors were preserved at day 14 (3 days after drug treatment). (**B**) Average tumor growth curves were recorded for nontreatment group mice as well as mice that received different nontargeted, active targeted, and pretargeted treatments. (**C**) Survival curves and MS recorded for nontreatment group mice as well as mice that received different nontargeted, active targeted, and pretargeted treatments. (**D**) Representative immunohistochemistry images of anti--p-S6--stained Raji tumor sections after receiving different types of BEZ235 treatments (*n* = 6 to 7 per group; n.s. denotes *P* \> 0.05 and \**P* \< 0.05).](aaz9798-F6){#F6}

In vivo toxicity
----------------

The in vivo toxicities of free BEZ235 and all three BEZ235 nanoformulations delivered through direct targeting or pretargeting strategies were assessed in healthy CD-1 mice. Mice that were administered a therapeutic dose of free BEZ235 and free α-CD20/free α-Lym1 Abs followed by free BEZ235 (24 hours apart) showed elevated serum aspartate aminotransferase (AST), blood urea nitrogen (BUN), and creatinine levels 48 hours after administration ([Fig. 7A](#F7){ref-type="fig"}). This indicates that free BEZ235 induced notable liver and kidney damages. Conversely, administration of the three different BEZ235 nanoformulations showed no notable hepatotoxicity or nephrotoxicity ([Fig. 7A](#F7){ref-type="fig"}). Further serum analyses (fig. S17) suggested that the administration of free BEZ235 formulations significantly reduced the total number of white blood cells and lymphocyte counts. Conversely, mice that received the BEZ235 nanoformulations did not show significant hematological toxicity except for a slight reduction in platelet count (fig. S17). Further histological study from necropsy confirmed that the administration of free BEZ235 induced notable liver and lung inflammation as well as renal cortical necrosis ([Fig. 7B](#F7){ref-type="fig"}). None of the BEZ235 nanoformulations induced substantial histological abnormalities in any key organs.

![In vivo toxicities of free BEZ235 and different BEZ235 nanoformulations evaluated in healthy CD1 mice.\
Mice were intravenously administrated with a total of 100 μg of Abs followed by 50 μg of free or encapsulated BEZ235. Full blood was collected 48 hours after intravenous administration of BEZ235 for hepatotoxicity, nephrotoxicity, and hematological toxicity studies. Key organs (liver, kidney, lung, heart, and spleen) were preserved for pathological studies. (**A**) Serum alkaline phosphate (ALP), alanine aminotransferase (ALT), and aspartate aminotransferase (AST) levels recorded for mice in nontreatment and treatment groups (N.B., *n* = 5, \* denotes abnormal). (**B**) Blood urea nitrogen (BUN) and creatinine levels were recorded for mice in nontreatment and treatment groups (N.B., *n* = 5, \* denotes abnormal). (**C**) Hematoxylin and eosin--stained images of liver, kidney, lung, heart, and spleen sections were preserved from mice in nontreatment and treatment groups.](aaz9798-F7){#F7}

DISCUSSION
==========

Targeted therapy using small-molecule inhibitors have led to a paradigm shift in the treatment of cancer. Overactivation of the PI3K/mTOR signaling pathway has been identified as one of the key regulators of cell growth and survival in a number of hematological malignancies, including NHL, and it has been actively investigated as a target for small-molecule inhibitors. There are currently three PI3K small-molecule inhibitors (i.e., idelalisib, copanlisib, and duvelisib) approved by the U.S. Food and Drug Administration for treatment of NHL. A landmark clinical trial in relapsed or refractory chronic lymphocytic leukemia showed that idelalisib, in combination with rituximab, produced a very high overall response rate of 81% with 1-year overall survival of 92% ([@R32]).

Despite the promising efficacy data associated with PI3K inhibitors, their clinical use is hampered by poor cancer-targeting specificity as well as on-target/off-tumor side effects, including hepatitis, colitis, and pneumonitis ([@R19], [@R20], [@R22]). Specifically, more than 60% of patients suffer grade 3 or 4 side effects in combination targeted therapy with these PI3K inhibitors ([@R25]). BEZ235 is another small-molecule inhibitor targeting PI3K pathway with promising antitumor activity in various cancer models in vivo, but its oral formulation has been limited by poor bioavailability and serious adverse events in phase 1/2 trials ([@R28], [@R29]). In the current preclinical study, we investigated the use of an NP-based pretargeted drug delivery system to improve the therapeutic window of BEZ235 for treatment of NHL.

A multistep pretargeted delivery strategy was initially explored for radioimmunotherapy of relapsed NHL ([@R33]). The key goals of pretargeted radioimmunotherapy are to increase the tumor uptake of the radionuclide and reduce nonspecific uptake in the vital organs ([@R33]--[@R35]). However, the multistep pretargeted treatment strategy has not been widely used in clinical settings because of the immunogenic nature of many pretargeting protein tags (e.g., streptavidin) and technical difficulties of delivering radionuclides ([@R33]--[@R35]). Our recent study demonstrates that these challenges can be overcome by using NP-based bioorthogonal strain-promoted alkyne-azide cycloaddition between fully synthetic ligands (e.g., DBCO and azide) ([@R15]). In the current study, in vitro binding studies in four established lymphoma cell lines confirmed that the DBCO- and azide-based pretargeting strategy can increase the amount of effector NPs retained in the target tumor cells compared with directly Ab-conjugated NPs. We also showed that dual Ab pretargeting using two different Abs, which recognize different tumor-associated antigens, can increase the amount of effector NPs retained in the target cells due to the increased number of tumor-associated antigen density available for NP binding ([@R36]). The enhancement effect was further confirmed through ex vivo biodistribution study using the Raji tumor model, in which the dual Ab pretargeting method increased the uptake of effector NPs by approximately 35% compared with the single Ab pretargeting method, and the NP uptake was doubled compared to directly Ab-conjugated NPs targeting both antigens.

The improved in vitro and in vivo uptake of the effector NPs successfully translated to enhanced antitumor activities of the pretargeted BEZ235 nanoformulations. The dual Ab pretargeted BEZ235 nanoformulation inhibited tumor growth by approximately 80% in the Namalwa and Raji tumor models, whereas free BEZ235 showed only modest antitumor activity when combined with α-CD20 and α-Lym1 Abs in the Namalwa tumor model and minimal antitumor activity in the more aggressive Raji tumor model. The mechanistic study here indicated that all BEZ235 nanoformulations had slower but more durable inhibition of the PI3K/mTOR pathway versus free BEZ235. In addition to the improved antitumor activity, the NP-enabled pretargeted delivery strategy also notably reduced the on-target/off-tumor toxicities due to rapid elimination of BEZ235 NPs by the Kupffer cells through the recently identified hepatobiliary elimination pathway ([@R37]).

In summary, we report a novel dual Ab pretargeted drug delivery system based on DBCO-functionalized α-CD20 and α-Lym1 Abs and azide-functionalized BEZ235-encapsulated NPs targeting NHL. Using four established lymphoma cell lines, our data demonstrate that the NP-enabled pretargeted strategy is more effective than free BEZ235 as well as directly Ab-conjugated BEZ235 NPs for inhibiting the PI3K/mTOR pathway in vitro and in vivo. Our findings also show that the dual Ab pretargeting method is more effective than the single Ab pretargeting method for delivering the effector vehicles to target tumor cells by improving NP uptake via increased antigen density for target binding. Last, the pretargeted BEZ235 nanoformulations effectively reduced the toxicities associated with systemic administration of BEZ235. To the best of our knowledge, this is the first study to investigate the use of a pretargeted method to improve the efficacy and safety of small-molecule inhibitors. The novel design of this pretargeted system has broad applicability to other malignancies by allowing easy exchange of the tumor-targeting moiety and therapeutic effectors to target different tumor surface markers as well as various signaling pathways.

MATERIALS AND METHODS
=====================

Materials
---------

BEZ235 was purchased from LC Laboratories. Mouse anti-human CD20 Ab \[clone: 2H7; isotype: mouse immunoglobulin G2b (IgG2b); InVivoMAb grade\] and anti-mouse NK1.1 Ab (clone: PK135; isotype: mouse IgG2a; InVivoMAb grade) were purchased from BioXCell (West Lebanon, NH). Mouse anti-human Lym1 Ab (isotype: mouse IgG2a) was extracted from Lym1 cells \[American Type Culture Collection (ATCC) HB-8612\] by the Protein Expression and Purification Core at the University of North Carolina (UNC) School of Medicine according to a published protocol ([@R38]). Poly(lactide-*co*-glycolide)-*b*-poly(ethylene glycol)-azide copolymer (AI091), methoxy poly(ethylene glycol)-*b*-poly([d]{.smallcaps},[l]{.smallcaps}-lactic-*co*-glycolic) acid copolymer (AK101), poly(lactide-*co*-glycolide)-rhodamine B (AV011), and poly([d]{.smallcaps},[l]{.smallcaps}) lactic acid-cyanine 5 endcap (AV032) were purchased from Akina Inc. (West Lafayette, IN).

Cell lines
----------

Jurkat, Ramos, Namalwa, Daudi, and Raji cell lines were obtained from the Tissue Culture Facility at the UNC Lineberger Comprehensive Cancer Center (purchased from ATCC). Cells were cultured in RPMI 1640 medium (Gibco) supplemented with 10% fetal bovine serum (FBS; VWR Life Science Seradigm) and antibiotic-antimycotic (Gibco) in a humidified atmosphere incubator (at 37°C and 5% CO~2~).

Functionalization of α-CD20 and α-Lym1 Abs
------------------------------------------

α-CD20 and α-Lym1 were functionalized via amine-NHS (*N*-hydroxysuccinimide) ester coupling reactions. For the preparation of α-CD20 (DL488) and α-Lym1 (Texas Red), α-CD20 and α-Lym1 (5 mg/ml) were functionalized with DyLight 488 NHS ester (Thermo Fisher Scientific) and Texas Red NHS ester (Thermo Fisher Scientific), respectively, at a 1:4 Ab-to-dye molar ratio. Both Abs were functionalized at pH 8.0 at 20°C (in the dark) for 2 hours. Dye-functionalized Abs were purified by disposable PD-10 Desalting Columns (GE Healthcare) according to the manufacturer's protocol. The concentration and degree of functionalization of both Abs were determined by ultraviolet (UV)--visible spectroscopy using a NanoDrop 1000 spectrophotometer. Briefly, the concentrations and degrees of the DyLight 488 and Texas Red incorporation to the α-CD20 and α-Lym1 Abs were determined spectroscopically using an absorption coefficients of 70,000 M^−1^ liter cm^−1^ and 80,000 M^−1^ liter cm^−1^, an absorption coefficient of mouse immunoglobulin at 280 nm (ε~280\ nm~) = 1.33 mg^−1^ ml cm^−1^, and DyLight 488 and Texas Red correction factors at 280 nm of 0.147 and 0.18 according to the manufacturer's instructions.

DBCO-functionalized Abs were prepared via same amine-NHS ester coupling reaction with DBCO-PEG13-NHS ester (Click Chemistry Tools, Scottsdale, AZ) at pH 8.0. The target degree of functionalization for both Abs was 20. DBCO-functionalized Abs were purified by disposable PD-10 Desalting Columns (GE Healthcare) according to the manufacturer's protocol. The concentration and degree of functionalization of both Abs were determined by UV-visible spectroscopy using a NanoDrop ND-1000 UV-visible spectrophotometer (Thermo Fisher Scientific). Briefly, the concentrations and degrees of the DBCO incorporation of different purified DBCO-conjugated Abs were determined spectroscopically using an absorption coefficient of DBCO at 310 nm (ε~DBCO,310\ nm~) = 12,000 M^−1^ liter cm^−1^, an absorption coefficient of mouse immunoglobulin at 280 nm (ε~280\ nm~) = 1.33 mg^−1^ ml cm^−1^, and a DBCO correction factor at 280 nm (CF~DBCO,280\ nm~) = 1.089 according to the manufacturer's instructions.

Preparation and characterization of BEZ235 NPs
----------------------------------------------

BEZ235 NPs were prepared via a nanoprecipitation method. The target drug loading was 5% (w/w). For the preparation of 300 mg of BEZ235 NPs, 15 mg of free BEZ235 was first dissolved in 3 ml of warm dimethyl sulfoxide (DMSO) before being added to a polymer blend that contained 100 mg of poly(lactide-*co*-glycolide)-*b*-poly(ethylene glycol)-azide copolymer (AI091, Akina Inc.) and 300 mg of methoxy poly(ethylene glycol)-*b*-poly(lactide-*co*-glycolide) (AK101, Akina Inc.) dissolved in 100 ml of acetonitrile. The polymer blends were then added slowly (1 mg/min) into 400 ml of molecular biology--grade deionized water (Corning) with constant stirring (1000 rpm). The mixture was then stirred under reduced pressure for 15 hours in the dark. The BEZ235 NPs were purified with an Amicron Ultra ultrafiltration membrane filter \[molecular weight cutoff (MWCO), 50,000\]. The purified NPs were resuspended in phosphate-buffered saline (PBS) (1×) for further studies.

For the preparation of 50 mg of Ab-conjugated BEZ235 NPs, 50 mg of BEZ235 NPs (50 mg/ml) was incubated with 1 mg of DBCO-functionalized Ab (1 mg/ml) at 37°C for 1 hour. The Abs were quantitatively conjugated to the NPs.

The amount of encapsulated BEZ235 was quantified via fluorescence spectroscopy, as previously reported. Briefly, BEZ235 NPs (10 mg/ml) were digested with DMSO (nine times the volume of the NP dispersion) in the dark at 20°C for 24 hours. The concentration of BEZ235 was quantified in a fluorescence plate reader with excitation wavelength at 325 nm and emission wavelength at 425 nm. The amount of encapsulated BEZ235 was calculated by comparing the fluorescence intensities of drug-free NPs and standard BEZ235 solutions (in 1:9 PBS/DMSO). In vitro drug release study was performed via Slide-A-Lyzer MINI Dialysis Devices (20K MWCO, Thermo Fisher Scientific) at physiological conditions in the presence of a large excess of PBS (1×) at pH 7.0 or 6.0 (at 37°C in the dark). Unreleased BEZ235 was quantified spectroscopically, as previously reported.

Rhod NPs and Cy5 NPs were prepared via the same method except for 2.5% (w/w) of Rhod-labeled poly(lactide-*co*-glycolide) and Cy5-labeled poly(lactide) were added to the polymer blend before preparation of the NPs for in vitro and in vivo imaging studies.

Purified NPs were characterized by transmission electron microscopy (TEM) and NP tracking analysis (NTA) techniques. TEM images were recorded in a JEOL 1230 transmission electron microscope in Microscopy Services Laboratory (MSL) at the UNC School of Medicine. Before the imaging study, carbon-coated copper grids were glow discharged, and the samples were negatively stained with tungsten acetate (pH 7). NTA studies were performed in a NanoSight N500 (Malvern Panalytical Ltd.) instrument in the Nanomedicine Characterization Core Facility at the UNC Eshelman School of Pharmacy.

In vitro binding assay
----------------------

In vitro binding was assessed via FACS method. Lymphoma cells were washed twice with azide-free FACS buffer and blocked with FACS buffer containing 5% FBS (for 30 min) before being stained with DBCO-functionalized Abs (for the pretargeted group) or Ab-conjugated Rhod NPs (for the active targeting group). In both experimental groups, 1 × 10^6^ of lymphoma cells (in 100 μl of FACS buffer) were incubated with 1 μg of free or NP-anchored Ab. For the pretargeted group, cells were washed twice before being incubated with 60 μg of Rhod NPs at 37°C for 30 min. Stained cells were washed twice before being fixed with 10% neutral buffer formalin (NBF) for 5 min. For the active targeting groups, NP-stained cells were washed twice before fixing with 10% NBF for further study. In the control group, 1 × 10^6^ of lymphoma cells were incubated with 60 μg of Rhod NPs at 37°C for 30 min. The cells were then washed twice and fixed before further analyses.

In vitro proliferation assay
----------------------------

The proliferation of different lymphoma cells after treatment with small-molecule ("free") BEZ235 and different active-targeted or pretargeted BEZ235 nanoformulations were assessed 72 hours after the initial treatment by CellTiter 96 AQueous Non-Radioactive Cell Proliferation Assay (Promega). Cells treated with free BEZ235 were washed once with complete medium 24 hours after the initial treatment to remove the free drug.

Western blots
-------------

Namalwa and Raji cells were treated with 500 nM free BEZ235 or different BEZ235 nanoformulations (via active targeted or pretargeted method) that contained 500 nM BEZ235 for 4 or 24 hours. Western blot samples were prepared as previously reported ([@R26], [@R27]). Western blot studies were performed to quantify the p-AKT, AKT, p-S6, S6, and GAPDH expressions via an automated Western blot processor at RayBiotech Life (Georgia).

In vivo studies
---------------

Animals were maintained in the Division of Comparative Medicine \[an Association for Assessment and Accreditation of Laboratory Animal Care International (AAALAC)--accredited experimental animal facility\] under sterile environments at the UNC. All procedures involving experimental animals were performed in accordance with the protocols that the UNC Institutional Animal Care and Use Committee approved, and they conformed with the *Guide for the Care and Use of Laboratory Animals* (National Institutes of Health, publication no. 86-23, revised 1985).

In vivo NP uptake and biodistribution studies
---------------------------------------------

In vivo NP uptake and biodistribution studies were performed in Raji xenograft tumor-bearing athymic nude mice \[Crl:NU(NCr)-Foxn1^nu^, origin: Charles River Laboratories\]. Xenograft tumors were established by subcutaneous injection of 1 × 10^6^ of Raji cells in 1:1 of RPMI 1640 medium and Matrigel to the left flank. Thirteen days after inoculation, mice received a single intraperitoneal injection of anti-NK1.1 Ab to deplete the natural killer (NK) cells. Fifteen days after inoculation, mice in different experimental groups were intravenously (tail vein) injected with different Cy5 NPs (5 mg of NPs per mouse). Mice in the pretargeting groups received a single intravenous injection of α-CD20(D), α-Lym1(D), or their 1:1 combination (total, 100 μg per mouse) of Abs 24 hours before the administration of the Cy5 NPs. Time-dependent epifluorescence images were recorded at different time points after injection of the Cy5 NPs using the AMI Optical Imaging System (Spectral Instruments Imaging Inc.; excitation, 605 ± 20 nm; emission, 690 ± 20 nm; exposure time, 30 s). Mice were euthanized 48 hours after injection, and the xenograft tumor, full blood, and key organs were preserved and weighed for ex vivo imaging analyses in the AMI Optical Imaging System. The percentage of injected dose per gram (% ID/g) of tissue was calculated by comparing the photon counts versus standard Cy5 NPs.

In vivo antitumor activity study
--------------------------------

The in vivo antitumor activity studies were performed in Namalwa and Raji xenograft tumor-bearing NSG mice (NOD.Cg-Prkdc^scid^ Il2rg^tm1Wjl^/SzJ, female, origin: The Jackson Laboratory; 6 to 8 weeks old, 20 to 21 g). Xenograft tumors were established by subcutaneous injection of 1 × 10^6^ cells in 1:1 of serum-free RPMI 1640 medium and Matrigel to the left flank. Mice received treatments 10 days after inoculation. The treatment doses were 100 μg of Ab and/or 50 μg of free/encapsulated BEZ235. A detailed treatment schedule and drug dosing are provided in the Supplementary Materials. Immunohistochemistry stains were performed on Raji xenograft tumors to evaluate the phospho--ribosomal protein S6 protein expression. Raji xenograft tumors (*n* = 4 per group) were preserved 48 hours after the first treatment for immunohistochemistry stains in the Translational Pathology Laboratory at the UNC School of Medicine.

In vivo toxicity study
----------------------

An in vivo toxicity study was performed in healthy CD-1 mice \[Crl:CD1(ICR), Charles River Laboratories; female, 10 to 11 weeks old, approximately 20 g\]. Mice (5 per group) were intravenously administered with free BEZ235 \[2.5 mg/kg; in 90:5:5 (v/v/v) of PBS/Cremophor EL/ethanol\] or different BEZ235 nanoformulations that contained the same amount of encapsulated BEZ235 (i.e., 5 mg of BEZ235 NPs). In the pretargeting groups, 50 μg of α-CD20(D) plus 50 μg of α-Lym1(D) (or 50 μg of α-CD20 plus 50 μg of α-Lym1) were intravenously administered 24 hours before the BEZ235 NPs (or free BEZ235). Mice were euthanized via an overdose of ketamine 48 hours after the intravenous administration of different BEZ235 nanoformulations. Full blood and key organs were preserved for clinical chemistry and histopathological studies in the Animal Histopathology and Laboratory Medicine Core at the UNC School of Medicine.

Supplementary Material
======================
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